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Anterior–posterior patterning of the developing limb is largely viewed as a function of polarizing activity. Recent evidence
in polydactylous mutants, however, indicates that development of proper pattern also requires the involvement of
inhibitory pathways in the anterior limb that prevent secondary polarizing zone formation, thus limiting the number of
digits produced. We report the novel finding that grafts of extracellular matrix from the Mouse Posterior Limb Bud-4 cell
line can induce supernumerary digits, including digits with posterior phenotype, from anterior chick limb mesenchyme.
Unlike previously described mechanisms of pattern specification during limb development, it is shown that the
extracellular matrix effect is not associated with release of an active signal. Rather, evidence is presented suggesting that
heparan sulfate moieties in extracellular matrix grafts bind an endogenous, extracellular factor involved in inhibition of
anterior polarizing activity, leading to derepression of the anterior limb and induction of polarizing zone marker genes
including Sonic hedgehog and Bone morphogenetic protein-2. © 2001 Elsevier Science
Key Words: extracellular matrix; limb development; patterning; polydactyly; Sonic hedgehog.INTRODUCTION
Supernumerary digit formation has been utilized exten-
sively as a tool for understanding the mechanisms by which
distal structures are patterned in the developing limb.
Derivation of extra digits can be accomplished through
grafts of polarizing tissues, through mutation, and through
application of exogenous growth and patterning factors
using expressing cells, viruses, or protein-soaked beads (for
references, see Cohn and Tickle, 1996; Johnson and Tabin,
1997; Niswander, 1997; Theil et al., 1999; Za´ka´ny and
Duboule, 1999; Schaller et al., 2001). Such methods have
yielded much information concerning the factors involved
in anterior–posterior (AP) limb patterning and have allowed
for our increased awareness of endogenous regulatory path-
ways.
When grafted into the anterior of a host chicken forelimb
(wing) bud, tissue from a region in the posterior limb
margin termed the zone of polarizing activity (ZPA or
polarizing zone) induces preaxial mirror symmetric digit
duplications, such that the normal 2-3-4 digit pattern is
respecified as 4-3-2-2-3-4 (Saunders and Gasseling, 1968). It
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All rights reserved.has been shown that Sonic hedgehog (Shh) expression
associated with the ZPA is responsible for this activity
(Riddle et al., 1993; Chang et al., 1994). SHH exogenously
introduced into anterior limb mesenchyme induces extra
digits associated with the induction of genes normally
expressed in the posterior limb, including HoxD genes,
Fibroblast growth factor-4 (Fgf4), and Bone morphogenetic
protein-2 (Bmp2) (Riddle et al., 1993; Chang et al., 1994;
Laufer et al., 1994; Niswander et al., 1994; Nelson et al.,
1996). Evidence from studies of mouse mutants displaying
polydactyly demonstrates that regulation also occurs by
anterior repression of Shh and perhaps other members of
the ZPA as well (Chan et al., 1995; Masuya et al., 1995,
1997; Rodriguez et al., 1996; Bu¨scher et al., 1997; Qu et al.,
1997, 1998; Takahashi et al., 1998; Caruccio et al., 1999;
Sharpe et al., 1999). Detailed analysis of anterior regulatory
pathways in a wild-type background, however, is compli-
cated by the fact that polarizing signals such as SHH and
retinoic acid both induce and repress genes in anterior
tissue, making it difficult to determine whether and which
effects of polarizing signals are due to relief of inhibition,
active stimulation, or both.
In addition to direct molecular pathways of regulation, an
often-overlooked component of developing tissues neces-
sary for proper acquisition of final pattern is the extracel-
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cans (HSPGs; for a recent review of HSPGs in development,
see Perrimon and Bernfield, 2000). While proteoglycan
protein cores can be modified with a variety of the disac-
charide polymers termed glycosaminoglycans (GAGs), the
GAG heparan sulfate (HS) has been shown to be especially
important. As demonstrated with Fibroblast Growth Fac-
tors (FGFs), HS influences the activities of bound factors
through localization and storage (Rifkin and Moscatelli,
1989; Vlodavsky et al., 1991, 1996), by potentiation of
bioavailability and long-term effects (Ruoslahti and
Yamaguchi, 1991; Pantoliano et al., 1994), and by presenta-
tion to cell surface receptors (Yayon et al., 1991; Rapraeger
et al., 1991; Ornitz et al., 1992; Spivak-Kroizman et al.,
1994; Moy et al., 1997). As concerns the vertebrate limb,
direct evidence for HSPG mediation of FGF activities has
been shown for the HSPGs syndecan-3 (Dealy et al., 1997)
and CD44 (Sherman et al., 1998). In Drosophila, it has been
recently reported that regulation of other developmental sig-
naling molecules, including Hedgehog, Wingless, and Decap-
entaplegic, require GAG biosynthesis (Toyoda et al., 2000, and
references therein), indicating that GAGs, and especially HS,
are important modulators of developmental functions.
In describing the polarizing activities of an immortalized
posterior limb bud cell line, we demonstrate a novel mecha-
nism through which supernumerary digits can be induced
in the absence of an applied active signal such as SHH or
retinoic acid. It is shown that grafted ECM components, in
particular HS, can deregulate an extracellular activity in-
volved in endogenous repression of an anterior ZPA. In
total, these studies present a new tool for the dissection of
endogenous regulatory pathways during limb development
in wild-type embryos.
MATERIALS AND METHODS
Tissue Culture
Establishment of the Mouse Posterior Limb Bud (MPLB) cell
lines has been previously described (Trevin˜o et al., 1993). For the
experiments reported in this paper, the MPLB4 cell line was
utilized.
MPLB4 cells were grown as monolayers at 37°C in Dulbecco’s
modification of Eagle’s medium (DMEM; Gibco) supplemented
with 10% bovine calf serum (Defined BCS, Iron-supplemented;
HyClone Laboratories), 200 mM glutamine, and 50 mg/ml genta-
micin sulfate (Irvine Scientific). For grafting of live cells, confluent
monolayers were washed in Hanks’ balanced salt solution (HBSS;
Gibco), removed from culture surfaces with a cell scraper, and
placed on ice in HBSS until grafted. For grafting of fixed cells,
confluent monolayers were washed in 13 phosphate-buffered sa-
line (PBS), exposed for 2 h to 4% paraformaldehyde (PFA), washed
in 13 PBS, scraped from culture surfaces, and stored at 4°C in 13
PBS until grafted.
ECM Preparations
For most experiments utilizing ECM from MPLB monolayers,ECM was isolated by use of 2 M urea (Gospodarowicz et al., 1983).
© 2001 Elsevier Science. AAn alternate method of ECM isolation was performed by using
sodium deoxycholate (DOC; Hedman et al., 1979). The ECM
isolates were stored at 220°C until grafted.
Several experiments involved additional treatments of urea-
isolated MPLB4 ECM. For fixation, ECM preparations were ex-
posed to 4% PFA for 2 h, washed in 13 PBS, and stored at 4°C in 13
PBS until grafted. For another series of experiments, MPLB4 ECM
was extracted in NaCl solutions. Extraction occurred for 2 h in 2 M
NaCl or for 2 h in 4 M NaCl followed by 2 h in saturated NaCl. In
both treatments, NaCl-extracted MPLB4 ECM was washed exten-
sively in 13 PBS. For digestion of HS, ECM was incubated for 4 h
in DMEM with 0.008 IU/ml heparitinase I (ICN Biomedicals) at
37°C and rinsed extensively in 13 PBS. For incubation in protein,
saturated NaCl-treated MPLB4 ECM was incubated 2 h in 500
mg/ml bovine serum albumin (BSA), FGF2, FGF4, FGF8, or FGF10,
and rinsed extensively to remove unbound factor.
Embryos, Grafting, and Skeletal Staining
Fertilized White Leghorn chicken eggs (Trustlow Farms, Ches-
tertown, MD) were incubated at 38°C in a humidified incubator.
On day 4 of incubation, stage-19 to -21 chick embryos (Hamburger
and Hamilton, 1951) were used for grafting operations. Samples
were assayed for the ability to induce extra digits by grafting into
the anterior wing bud beneath the apical ectodermal ridge (AER;
Tickle, 1981). On day 11 of incubation, embryos were collected and
the midsection containing both wings was fixed and stained for
skeletal analysis as described previously (Anderson et al., 1994).
The data for digit patterns are tabulated as the number of limbs in
the data set displaying a particular pattern. These data can also be
expressed in terms of any of the various indices for polarizing
activity used by other authors since all requisite data are included
in the tables. In comparing data sets within our study, the degree of
induced polarizing activity is reflected by the percentage of poste-
rior digits induced.
GAG Analysis
For inhibition of ATP sulfurylase and sulfation of GAGs, MPLB4
cells were treated with sodium chlorate (Lipman, 1958; Keller et
al., 1989). The protocol used was optimized for the Balb/c3T3
mouse embryonic fibroblast cell line (Fannon and Nugent, 1996).
Cells were incubated for 72 h in the presence of sodium chlorate,
GAGs were isolated (van de Lest et al., 1994), and the level of GAG
sulfation was quantified by the dimethylmethylene blue assay
(BLYSCAN assay kit, Biocolor; Farndale et al., 1986). ECM was
isolated from treated cells and grafted.
To produce an artificial matrix containing heparan sulfate, 100
ml of 5 mg/ml HS (porcine intestinal mucosa; Sigma) was combined
with 1.2 ml of 5 mg/ml type-I collagen (bovine skin; Sigma) and a
precipitate was allowed to form overnight at room temperature.
Precipitates were recovered and washed in distilled water.
RT-PCR
RNA was isolated from Swiss Webster mouse (CFW, Charles
River) E10.5 embryos and from MPLB4 cells with Ultraspec RNA
isolation reagent (Biotecx). Reverse transcription and polymerase
chain reaction components and concentrations were as detailed by
the manufacturer (Perkin Elmer). PCR was performed for Shh
(Takabatake et al., 1996), Ihh (Becker et al., 1997), Fgf2 (Hannon et
al., 1992), Fgf4 (Carlton et al., 1998), Fgf8 (Ghosh et al., 1996), and
ll rights reserved.
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amplify a region in the mouse gene corresponding to the region
amplified in the chick gene reported by Ohuchi et al. (1997). The
forward primer is 59-AAATGGATACTGACACATTGTG-39. The
reverse primer is 59-GAAGTGAGCAGAGGTGTTTTTC-39. An
amplified product of 600 base pairs was obtained with PCR
conditions of 35 cycles at 94, 60, and 72°C for 1 min each.
Whole-Mount in Situ Hybridization
Embryos grafted with saturated NaCl-extracted MPLB4 ECM
were collected at specified time points and were fixed overnight at
4°C in 4% PFA. The next day, embryos were dehydrated in graded
methanol with bleaching in 5% H2O2. Embryos were stored at
220°C in 100% methanol. Anti-sense digoxigenin-labeled ribo-
probes were generated from linearized vectors by using a commer-
cially available kit with the appropriate polymerase (Roche). Probes
used were Bmp2 (as described by Laufer et al., 1994), Fgf4 (as
described by Niswander et al., 1994), Fgf8 (as described by Crossley
and Martin, 1995), HoxD11-D13 (as described by Morgan et al.,
1992), and Shh (as described by Riddle et al., 1993). The protocol
used for whole-mount in situ hybridization was followed as re-
ported by Wilkinson (1992) with slight modifications. Bleaching
occurred with initial dehydration. For posthybridization washes,
embryos were washed twice in Solution 1 at 70°C followed by three
washes in Solution 3 (containing 0.5% SDS) at 70°C with no
intermediate steps. Rather than sheep serum, 1.5% blocking re-
agent (Roche) was used to preblock and to prepare antibody.
Hybridized transcripts were detected by using the BM Purple
alkaline phosphatase precipitating substrate (Roche). Embryos
were washed with NTMT for 1 min, PBT for 10 min at 4°C,
dehydrated in graded methanol, and stored at room temperature in
glycerol (see Wilkinson, 1992 for solution recipes).
RESULTS
Induction of Extra Digits by MPLB4 ECM,
but Not MPLB4 Cells
Previous study of the MPLB cell lines indicated that only
TABLE 1
Induction of Extra Digits and Anterior Respecification by MPLB4
MPLB4 grafts n 2-3-4 2-2-3-4 o
Cells 24 24 0
ECM (urea)d 35 3 16
ECM (DOC)d 14 1 6
Note. n, Number of grafted limbs.
a Normal digit pattern is 2-3-4; the supernumerary digit(s) is des
b For “other,” the supernumerary digit is intermediate between
c Extra digits is the percentage of limbs in the experimental grou
limbs in the experimental group displaying an extra posterior digi
d MPLB4 ECM was isolated with either 2 M urea or 0.5% sodiuMPLB2 cells possessed an ability to induce extra digits
© 2001 Elsevier Science. Awhen grafted into the anterior chick limb bud (Trevin˜o et
al., 1993). In the experiments reported here, we describe
results obtained from more detailed examination of the
MPLB4 cell line. It was found that grafts of MPLB4 cells
from monolayer culture do not induce supernumerary dig-
its (0/24; Table 1; normal digit pattern 2-3-4, Fig. 1A),
though grafted limbs often display reduced or absent radii
(Fig. 1B). MPLB4 cells do not express the hedgehog genes
associated with limb development (Fig. 1C), Shh (Riddle et
al., 1993) and Ihh (Bitgood and McMahon, 1995; Vortkamp
et al., 1996), nor is Shh expression induced in MPLB4 cells
grafted into the anterior limb bud (data not shown). These
data indicate that immortalization of the MPLB4 cell line
did not allow for maintenance of ZPA signaling and asso-
ciated hedgehog expression.
In contrast to MPLB4 cells, MPLB4 ECM isolated from
urea-treated monolayer cultures was found to induce extra
digits at a high frequency (91%, 32/35; Table 1). Of the
experimental group, 46% (16/35) displayed a supernumer-
ary digit 2 (digit pattern 2-2–3-4, Fig. 2A), 14% (5/35)
displayed an extra digit classified as “other ” due to a
morphology intermediate between digits 2 and 3 (digit
pattern other-2-3-4, Fig. 2B), 29% (10/35) displayed an extra
digit 3 (digit pattern 3-2-3-4, Fig. 2C), and 3% (1/35) dis-
played extra digits 3 and 4 (digit pattern 4-3-2-3-4, Fig. 2D).
In an additional experiment, an alternate method of ECM
extraction was performed by using deoxycholate (Table 1).
The frequency of extra digits induced in this set was 93%
(13/14), indicating that the ability of ECM to induce extra
digits is independent of the ECM isolation protocol.
MPLB4 Cells Prevent the Inductive Capacity
of MPLB4 ECM
Since MPLB4 cells do not induce extra digits while
MPLB4 ECM does, the effect of cellular viability upon
induction by ECM was examined. MPLB4 monolayers were
fixed with 4% paraformaldehyde (PFA), and fixed tissue
t patterna Extra digitsc/
Posterior digits
(%)/(%)-2-3-4b 3-2-3-4 4-3-2-3-4
0 0 0 0/0
5 10 1 91/31
0 7 0 93/50
ed in bold type.
s 2 and 3.
playing a supernumerary digit. Posterior digits is the percentage of
oxycholate (DOC).ECM
Digi
ther
ignat
digit
p disgrafts were tested for the ability to induce extra digits. Fixed
ll rights reserved.
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446 Schaller and MuneokaMPLB4 cells (Table 2) were found to induce extra digits at a
frequency of 50% (6/12), with 17% (2/12) displaying an
extra digit 2, 17% (2/12) of the digit patterns classified as
“other,” and 17% (2/12) displaying an extra digit 3. As a
control, fixed urea-extracted MPLB4 ECM was found to
induce extra digits at a similar frequency (54%, 7/13),
showing that the ability of fixed cells to induce extra digits
is identical to fixed ECM. In addition, fixed cells and
nonfixed urea-isolated ECM induced similar digit patterns,
indicating that the qualitative characteristics of the re-
sponse are unchanged by fixation. These results show that
the absence of cellular viability is sufficient for extra digit
induction by ECM associated with MPLB4 monolayers,
suggesting that MPLB4 cells produce an activity that inhib-
its induction by ECM.
Sodium Chloride Extraction Enhances Induction
of Posterior Digits by MPLB4 ECM
Since the data from fixation of monolayers in PFA indi-
cated that a secreted factor could potentially interfere with
the ECM effect, one possibility was that such a factor could
be retained in ECM isolates and could interfere with induc-
tion of extra digits, explaining the prevalence of duplica-
tions of digit 2 rather than posterior digits. Since interac-
tions of growth factors with ECM are often electrostatic in
FIG. 1. Posterior-derived MPLB4 cells do not display ZPA signali
arrowhead indicates the radius. Scale bars in the lower right corne
wing digit pattern, 2-3-4, with digit 2 most anterior and digit 4 mos
reduced or absent radii. (C) RT-PCR analysis of hedgehog expression
indicated on the left. RT-PCR was performed on MPLB4 (lanes 2–
controls. Lanes 2 and 5 represent Shh, and lanes 3 and 6 representnature, MPLB4 ECM was extracted with NaCl to disrupt
© 2001 Elsevier Science. Asuch interactions and assayed for digit-inducing ability
(Table 3). Following 2 M NaCl extraction, MPLB4 ECM
elicited a supernumerary response of 100% (8/8), with 50%
(4/8) displaying posterior digits (compared to 91 and 31%,
respectively, for untreated MPLB4 ECM). Consecutive
treatments in 4 M NaCl and saturated NaCl did not alter
inducing ability which remained high at 94% (15/16; Table
3), but the frequency of posterior digits was increased to
75% (12/16). That the frequency of posterior digits in-
creases after NaCl treatment offers evidence that viable
MPLB4 cells secrete a factor with ECM-binding properties
that interferes with the ability of ECM to induce extra
digits. In addition, these results show that the induction of
extra digits by MPLB4 ECM is not due to the release of an
active factor bound to the ECM by electrostatic interac-
tions.
Ectopic ZPA Formation by MPLB4 ECM
The connection between MPLB4 ECM-induced respecifi-
cation of anterior tissue with the SHH pathway was exam-
ined by using markers such as Shh, Bmp2, Fgf4, HoxD11,
and HoxD13 (Fig. 3). After grafting NaCl-extracted ECM,
the first noticeable alteration in endogenous expression
among these genes is observed with Fgf4. At 18 h, Fgf4
expression is extended further into the anterior of experi-
tributes. (A, B) In each limb, the digits are numbered, and a black
equal to 500 mm. (A) MPLB4 cells do not affect the normal chick
erior. (B) MPLB4 cell grafts do, however, often result in limbs with
PLB4 cells. Lane 1 is ladder with individual band sizes in base pairs
d E10.5 mouse (lanes 5–7) RNA. Lanes 4 and 7 represent b-actin
Both Shh and Ihh expression are absent from MPLB4 cells.ng at
rs are
t post
in Mmental limbs in comparison to contralateral controls (in 4/4
ll rights reserved.
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36 h (not shown). At 48 h, Fgf4 is expressed continuously
from anterior to posterior, but expression is highest overly-
ing the supernumerary bulge and the presumptive digits 3
and 4 in the posterior while lowest between these regions
(in 4/4 embryos, Fig. 3B). By 60 h, anterior Fgf4 expression is
no longer detected (not shown).
An ectopic Shh expression domain is not detected
in anterior mesenchyme prior to or at 36 h, but is de-
tected at 42 h in association with the outgrowth of tissue
that will give rise to the supernumerary digit (not shown).
By 48 h, this domain is present in most grafted limbs
but remains small in comparison to the endogenous do-
main (in 9/11 embryos, Fig. 3C). In addition to Shh, the
FIG. 2. Limb patterns observed with MPLB4 ECM grafts. (A–E)
medium gray and denoted by asterisks. Scale bars are equal to 500
extra digit is structurally intermediate between digit types 2 and 3
4-3-2-2-3-4.
TABLE 2
MPLB4 Cell Monolayer ECM Induces Extra Digits in the Absence
Graft identity n 2-3-4 2-2-3
Fixed MPLB4 cellsd 12 6 2
Fixed MPLB4 ECMd 13 6 3
Note. n, a,b,c, See Table 1.
d MPLB4 cells and MPLB4 ECM fixed in 4% paraformaldehyde.
© 2001 Elsevier Science. Ainduction of other genes associated with the ZPA is ob-
served at relatively late stages. At 48 h, an intense ectopic
domain of Bmp2 expression is detected in anterior mesen-
chyme (in 6/6 embryos, Fig. 3D). Also at 48 h, ectopic
expression of both HoxD11 (4/4 embryos, Fig. 3E) and
HoxD13 (2/3 embryos, Fig. 3F) is observed in association
with the supernumerary outgrowth. Interestingly, although
grafts of MPLB4 ECM can lead to induction of Shh by 42 h,
HoxD11 expression is undetectable in anterior mesen-
chyme at 42 h (0/3 embryos, Fig. 3G) while an intense
ectopic domain of HoxD13 is present at this time (in 2/3
embryos, Fig. 3H). These data suggest that MPLB4 ECM
induction of extra digits is associated with the formation of
an ectopic ZPA.
s are indicated by number, with supernumerary digits labeled in
(A) Digit pattern 2-2-3-4. (B) Digit pattern other-2-3-4 in which the
Digit pattern 3-2-3-4. (D) Digit pattern 4-3-2-3-4. (E) Digit pattern
ellular Viability
Digit patterna Extra digitsc/
Posterior digits
(%)/(%)other-2-3-4b 3-2-3-4
2 2 50/17
2 2 54/15Digit
mm.
. (C)of C
-4ll rights reserved.
500
. 2E.
448 Schaller and MuneokaGlycosaminoglycans Are Required for MPLB4 ECM
Induction of Extra Digits
Because binding interactions were implicated by the data
as important to the mechanism by which MPLB4 ECM
elicits induction of a secondary ZPA, the involvement of
MPLB4 ECM GAGs was investigated. It is known that
GAGs, and in particular heparan sulfate, interact with a
wide range of host factors, modifying their activities, local-
ization, and availability. To determine the relative contri-
bution of GAGs to the inductive ability of MPLB4 ECM,
MPLB4 cells were treated with sodium chlorate to prevent
GAG sulfation. The efficiency of sodium chlorate inhibi-
tion of MPLB4 GAG sulfation was confirmed by using a
spectrophotometric assay (data not shown). It was found
that ECM isolated from sodium chlorate-treated cells was
unable to induce supernumerary digits (0/18, Table 4),
demonstrating that GAGs are required for the MPLB4 ECM
response.
Since heparan sulfate is known to interact with a variety of
growth factors, its contribution to induction was examined by
heparitinase digestion of MPLB4 ECM. Heparitinase-digested
MPLB4 ECM induces extra digits at a reduced frequency of
33% (3/9, Table 4), with two limbs displaying an extra digit
2 and one limb displaying an extra digit “other.” This
reduction in frequency implicates heparan sulfate as play-
ing a key role in ECM induction of extra digits.
To further test the requirement for heparan sulfate in the
inductive ability of ECM, a defined artificial matrix con-
taining commercially available heparan sulfate upon a
type-I collagen scaffold was created and tested for its ability
to induce supernumerary digits. Heparan sulfate was con-
firmed in the matrix by spectrophotometry (not shown).
Heparan sulfate/type-I collagen was able to induce super-
numerary digits at a frequency of 88% (7/8, Table 4), with
62.5% (5/8) displaying an extra digit 2 (Fig. 4A), 12.5% (1/8)
of the extra digits classified as “other,” and 12.5% (1/8)
displaying an extra digit 3 (Fig. 4B).
TABLE 3
NaCl and Excess Protein Have Opposing Effects on MPLB4 ECM-
Treatment of MPLB4
ECM grafts n 2-3-4 2-2-3-4
No treatmentd 35 3 16
2 M salte 8 0 3
Sat. saltf 16 1 2
Sat. salt/BSAg 14 2 6
Note. n, a,b,c, See Table 1.
d Data reproduced from Table 1.
e MPLB4 ECM treated with 2 M NaCl.
f MPLB4 ECM treated with 4 M NaCl and then saturated NaCl.
g MPLB4 ECM treated with 4 M NaCl, saturated NaCl, and then
h One limb possessed the more complex pattern 4-3-2-2-3-4, FigIn summary, inhibition of MPLB4 ECM GAG sulfation
© 2001 Elsevier Science. Aabolishes ECM inductive capacity, and heparitinase diges-
tion of MPLB4 ECM leads to a marked decrease in this
capacity. Artificial matrix containing heparan sulfate in-
duces extra digits at a similar frequency to MPLB4 ECM.
These data provide evidence that implicates heparan sulfate
binding in the inhibition of an anterior ZPA.
Inhibition of MPLB4 ECM Induction
of Extra Digits
A possibility supported by the data is that MPLB4 ECM
elicits its effect on host tissues through the binding and
repression of an endogenous activity that acts to inhibit
ZPA formation. It is well established that binding sites such
as heparan sulfate in the ECM are able to modify and
regulate the activity of growth factors. To examine this
possibility, it was reasoned that blockade of binding sites
with purified proteins would prevent interactions between
the graft and the endogenous factor. We first examined the
effect of blocking sites with BSA since an excess amount of
BSA is frequently used to block “nonspecific” binding sites
in the ECM and BSA has been shown to bind heparin
(Hughes Wassell and Embery, 1997a,b). Incubation of NaCl-
extracted MPLB4 ECM in 500 mg/ml BSA did not affect the
total frequency of supernumerary digits induced, which
remained high at 86% (12/14; Table 3); but did reduce the
induction of posterior digits from 75 to 7% (1/14).
It is known that variations in heparan sulfate saccharide
sequence can affect ligand binding affinities, as shown in
detail for FGFs (for example: Guimond et al., 1993; Aviezer
et al., 1994; Walker et al., 1994; Guimond and Turnbull,
1999; Lundin et al., 2000). Members of the HS-binding FGF
family of growth factors are produced by the AER and limb
mesenchyme and have been shown to play a number of
critical roles in the control of limb outgrowth. Experiments
were performed to determine whether binding of purified
FGF2, FGF4, FGF8, or FGF10 influenced the inductive
ability of NaCl-extracted MPLB4 ECM. The concentrations
ed Anterior Respecification
igit patterna Extra digitsc/
Posterior digits
(%)/(%)herb-2-3-4 3-2-3-4 4-3-2-3-4
5 10 1 91/31
1 4 0 100/50
1 8 4h 94/75
5 1 0 86/7
mg/ml BSA.Induc
D
otused to soak MPLB4 ECM were chosen to saturate binding
ll rights reserved.
449Extracellular Factors Regulate Anterior ZPA InhibitionFIG. 3. Whole-mount in situ hybridization showing that MPLB4 ECM leads to induction of an ectopic ZPA. (A) The forelimbs shown are
viewed from the ventral surface with the anterior up. By 18 h, a saturated NaCl-extracted MPLB4 ECM graft (black asterisk, bottom image)
allows for extension of the anterior Fgf4 expression domain by approximately 24% over the contralateral control (top image). The green
arrowheads mark corresponding positions in the respective limbs in which intense anterior expression is observed in the experimental limb
but not in the control. The scale bar is equal to 200 mm. (B–H) Expression patterns for typical ZPA markers in experimental limbs with the
anterior up and the posterior down. Scale bars are equal to 200 mm. (B) At 48 h, Fgf4 displays graded distribution with highest levels
overlying posterior-fated regions. Graded distribution overlying the supernumerary outgrowth (red arrowhead) reflects AP pattern of the
outgrowth that mirrors the endogenous domain (green arrowhead). (C–F) Ectopic anterior mesenchymal expression at 48 h indicated by the
red arrowhead for: (C) Shh, (D) Bmp2, (E) HoxD11, and (F) HoxD13. (G, H) At 42 h, (G) ectopic HoxD11 expression is not detected in the
anterior limb, while (H) an intense domain of HoxD13 expression is apparent.
© 2001 Elsevier Science. All rights reserved.
450 Schaller and Muneokasites and are similar to values reported in the literature for
soaking of beads with FGFs (for example: Niswander et al.,
1993; Vogel and Tickle, 1993; Cohn et al., 1995; Crossley et
al., 1996; Vogel et al., 1996), with any unbound excess
released by extensive washing prior to grafting.
Of the FGFs tested, only FGF2 and FGF8 displayed the
capacity to significantly affect the ability of MPLB4 ECM to
induce extra digits. Soaking of saturated NaCl-extracted
MPLB4 ECM with FGF2, reduced induction of extra digits
from 94 to 0% (0/11, Table 5). Limbs grafted with FGF2-
soaked ECM displayed marked humeral reductions (Fig. 5A)
similar to those caused by FGF2-soaked beads (Li et al.,
1996) or grafts of Fgf2-expressing cells (Riley et al., 1993),
indicating that FGF2 was bound to and released from the
ECM graft. Soaking of NaCl-extracted MPLB4 ECM with
FGF8 reduced induction of extra digits from 94 to 8% (1/12,
Table 5), with the one supernumerary digit induced after
soaking in FGF8 being an extra digit 2 of poor quality.
Limbs with normal digit pattern displayed reduced radii
and/or ectopic cartilage as seen to result with other MPLB4
grafts, providing experimental evidence that FGF8-treated
grafts were similarly positioned and retained (Fig. 5B). Thus,
pretreatment of MPLB4 ECM with FGF2 or FGF8 elimi-
nates virtually all aspects of the inducing ability of MPLB4
ECM.
TABLE 4
Glycosaminoglycans Are Required for Supernumerary Digit Induc
Graft identity n 2-3-4
MPLB4 ECM chlorated 18 18
MPLB4 ECM heparitinasee 9 6
Heparan sulfate/collagenf 8 1
Note. n, a,b,c, See Table 1.
d MPLB4 ECM isolated from cells treated with sodium chlorate
e MPLB4 ECM treated with 0.008 IU/ml heparitinase I.
f Artificial matrix composed of heparan sulfate and collagen.
FIG. 4. Supernumerary digit patterns induced by artificial matr
collagen can induce: (A) an extra digit 2, digit pattern 2-2-3-4 and (B
The supernumerary digits are labeled in medium gray and denoted by a
© 2001 Elsevier Science. AIn contrast, soaking of saturated NaCl-extracted MPLB4
ECM with either FGF4 or FGF10 resulted in an effect most
similar to soaking with BSA. As with BSA, soaking MPLB4
ECM with FGF4 primarily influenced the frequency of
posterior digits, which dropped from 75 to 25% (7/28, Table
5), while the overall induction of extra digits was slightly
reduced (79%, 22/28). MPLB4 ECM soaked with FGF4 also
caused humeral reductions in grafted limbs (Fig. 5C) similar
to those caused by FGF4-soaked bead grafts (Niswander et
al., 1993; Li and Muneoka, 1999), showing that FGF4 was
bound to and released from the ECM preparation. Soaking
saturated NaCl-extracted MPLB4 ECM with FGF10 also
caused a slight reduction in the total frequency of extra
digits induced, 77% (10/13, Table 5), and a reduction in the
frequency of posterior digits induced, 46% (6/13). No hu-
meral reductions were evident; however, ECM soaked with
FGF10 did induce ectopic FGF8 expression (Fig. 5D) in host
ectoderm adjacent to the graft site, similar to that induced
by Fgf10-expressing cells (Ohuchi et al., 1997), showing that
FGF10 was bound to and released from the ECM prepara-
tion.
The data suggest that ECM associated with viable MPLB4
cells is unable to elicit ectopic polarizing activity due to a
factor secreted by the cells. Since FGF2 and FGF8 were
shown to prevent induction of extra digits by MPLB4 ECM,
by MPLB4 ECM
Digit patterna
Extra digitsc
(%)-4 other-2-3-4b 3-2-3-4
0 0 0
1 0 33
1 1 88
event glycosaminoglycan sulfation.
fts. An artificial matrix composed of heparan sulfate and type-I
extra digit 3, digit pattern 3-2-3-4. Scale bars are equal to 500 mm.tion
2-2-3
0
2
5
to prix gra
) ansterisks.
ll rights reserved.
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451Extracellular Factors Regulate Anterior ZPA InhibitionFgf expression in MPLB4 cells was examined. It was found
that MPLB4 cells express Fgf2 and Fgf10 but not Fgf4 or Fgf8
(Fig. 5E), reflecting the mesenchymal origin of these cells.
Since FGF2 prevents induction of extra digits by ECM, Fgf2
expression may explain the inability of MPLB4 cell grafts to
induce extra digits.
DISCUSSION
Previous methods of experimental generation of mirror-
image supernumerary posterior digits in a wild-type host
have involved direct induction of Shh by RA or exposure of
the anterior limb to Shh-expressing vectors or protein
(Echelard et al., 1993; Krauss et al., 1993; Riddle et al., 1993;
Chang et al., 1994; Roelink et al., 1994; Lo´pez-Martı´nez,
1995). In comparison, polydactylous mutants displaying
ectopic Shh expression involve altered function in tran-
scriptional regulators of Shh (Chan et al., 1995; Masuya et
al., 1995, 1997; Bu¨scher et al., 1997; Qu et al., 1997, 1998;
Takahashi et al., 1998). We report a novel modification of
developmental limb patterning mechanisms in which
preparations of ECM induce ectopic polarizing activity and
extra digits in wild-type anterior limb tissue without deliv-
ering an exogenous active signal. These data suggest that
the ECM preparations modify limb patterning by disabling
endogenous repression of anterior ZPA formation through
binding interactions with an extracellular factor in the
anterior limb.
Respecification of Anterior Tissue by MPLB4 ECM
The anterior extension of Fgf4 in the AER and the
induction of Shh, Bmp2, HoxD11, and HoxD13 in mesen-
chymal cells reveal that respecification of anterior mesen-
chyme by MPLB4 ECM is associated with the formation of
an ectopic ZPA. In comparison to RA, which is known to
respecify anterior pattern through induction of an ectopic
ZPA/Shh expression domain (Wanek et al., 1991; Noji et
TABLE 5
FGF2 or FGF8 Pretreatment Abrogates MPLB4 ECM Induction of
ECM treatment n 2-3-4 2-2-3-4
Sat. saltd 16 1 2
Sat. salt/FGF2e 11 11 0
Sat. salt/FGF4e 28 6 11
Sat. salt/FGF8e 12 11 1
Sat. salt/FGF10e 13 3 3
Note. n, a,b,c, See Table 1.
d Data reproduced from Table 3.
e MPLB4 ECM treated with 4 M NaCl, saturated NaCl, and thenal., 1991; Riddle et al., 1993), the induction of Shh resulting
© 2001 Elsevier Science. Afrom grafts of NaCl-extracted MPLB4 ECM is delayed by
many hours. The late action of SHH in the MPLB4 ECM
response is confirmed by the timing of HoxD11 and
HoxD13 induction. Exposure of the chick anterior limb bud
to SHH at early stages of development results in the
induction of HoxD11 before HoxD13 (Izpisu´a-Belmonte et
al., 1991; Riddle et al., 1993; Nelson et al., 1996), whereas
this order is reversed in limbs infected with a Shh-
expressing retrovirus at later stages (Nelson et al., 1996).
MPLB4 ECM grafts lead to induction of HoxD13 prior to
HoxD11, demonstrating that the observation of late Shh
induction accurately reflects late SHH function in these
limbs.
The induction of a functional Shh expression domain
suggests that the formation of supernumerary digits by
MPLB4 ECM may be linked to ectopic SHH production.
Other examples of late Shh/ZPA activity associated with
extra digit formation include anterior polydactyly in the
mouse mutant dominant hemimelia, which displays late
onset of an anterior ectopic Shh domain (Lettice et al.,
1999), and induction of supernumerary digits following
ZPA grafts into later stage chick embryos (Summerbell,
1974). While it is possible that duplication of digit 2 can
occur independently of ectopic Shh, as has been shown in
instances where cell proliferation and/or cell death in the
anterior limb bud are modified (see for example Ohsugi et
al., 1997), the majority response by NaCl-extracted MPLB4
ECM is the induction of posterior digits (75%) with a
similar frequency of grafted limb buds also exhibiting
ectopic Shh (82%). These data lead us to conclude that
morphological respecification of anterior to posterior pat-
tern observed with MPLB4 ECM grafts is due to formation
of a functional, ectopic ZPA in the anterior limb bud.
MPLB4 ECM and Binding Interactions
Several pieces of evidence support the view that respeci-
fication of anterior pattern by MPLB4 ECM is mediated
through binding interactions between graft moieties and
Digits
it patterna Extra digitsc/
Posterior digits
(%)/(%)r-2-3-4b 3-2-3-4 4-3-2-3-4
1 8 4 94/75
0 0 0 0/0
4 7 0 79/25
0 0 0 8/0
1 6 0 77/46
mg/ml FGF2, FGF4, FGF8, or FGF10.Extra
Dig
otheextracellular factors in the anterior limb bud. It was ob-
ll rights reserved.
9) b
452 Schaller and Muneokaserved that: (1) NaCl treatment increases the ability of
MPLB4 ECM to induce extra posterior digits whereas treat-
ment with BSA neutralizes this effect. (2) MPLB4 ECM
from cells treated to inhibit GAG sulfation does not induce
extra digits. (3) Enzymatic removal of heparan sulfate from
MPLB4 ECM reduces its ability to induce extra digits. (4)
An artificial matrix composed of heparan sulfate and colla-
gen can induce extra digits in a manner comparable to
MPLB4 ECM. All of these observations can be explained in
terms of binding interactions. Owing to their sulfation,
GAGs such as heparan sulfate are highly charged ECM
components known to associate with growth factors
FIG. 5. Effects of FGF pretreatment of MPLB4 ECM and examinati
FGF treatment. In each figure, the purple arrowhead indicates th
numbered and supernumerary digits are numbered in red. Scale bar
extra digits and an altered humerus. (B) FGF8 pretreatment results
The reduction in length of the radius is typical of MPLB4 grafts. (C)
humerus morphology. (D) FGF10 pretreatment results in ectopic F
shown is oriented with anterior to the left and posterior to the righ
by the red arrowheads 6 h after grafting at stage 20; normal Fgf8 ex
RT-PCR analysis of Fgf expression in MPLB4 cells. Lane 1 is ladder
was performed on MPLB4 and E10.5 mouse RNA as labeled beneat
top of the figure. MPLB4 cells express Fgf2 (lane 3) and Fgf10 (lanethrough electrostatic interactions. NaCl treatment of
© 2001 Elsevier Science. AMPLB4 ECM prior to grafting disrupts such interactions,
removing bound molecules and increasing the number of
available binding sites presented to host factors upon graft-
ing. In contrast, inhibition of GAG sulfation in effect
removes electrostatic GAG binding sites such that these
sites are unavailable to interact with host factors. Hepariti-
nase treatment would similarly reduce the number of
available binding sites in the ECM graft, while pretreat-
ment of the graft with BSA, which is known to interact
with heparin (Hughes Wassell and Embery, 1997a,b), would
compete with host factors for heparan sulfate sites. The
data show that treatments increasing the number of avail-
f Fgf expression in MPLB4 cells. (A–C) Limb patterns observed after
merus, and the black arrowhead indicates the radius. Digits are
equal to 500 mm. (A) FGF2 pretreatment results in the absence of
he absence of extra digits with no effect on humerus morphology.
4 pretreatment does not prevent induction of extra digits but alters
xpression in ectoderm adjacent to the grafted ECM. The limb bud
topic Fgf8 expression is shown in the dorsal ectoderm demarcated
sion is observed in the AER. The scale bar is equal to 500 mm. (E)
individual band sizes in base pairs indicated on the left. RT-PCR
gel lanes; genes analyzed are listed above the well numbers at the
ut not Fgf4 (lane 5) or Fgf8 (lane 7).on o
e hu
s are
in t
FGF
gf8 e
t. Ec
pres
with
h theable binding sites increase the patterning effects of MPLB4
ll rights reserved.
453Extracellular Factors Regulate Anterior ZPA InhibitionECM grafts, while treatments decreasing the number of
available binding sites decrease the ability of MPLB4 ECM
to modify endogenous patterning. In view of this, the data
support the conclusion that MPLB4 ECM binds endogenous
extracellular factor(s) resulting in the formation of an ante-
rior ZPA. We propose that such an endogenous extracellular
factor(s) functions to inhibit ZPA formation, thus restrict-
ing ZPA signaling to the posterior compartment of the limb
bud.
FGF2 or FGF8 Pretreatment of MPLB ECM
Prevents Induction of Extra Digits
Preincubation with FGF2 or FGF8 nearly eliminates the
ability of MPLB4 ECM to induce extra digits, while similar
treatment with FGF4 or FGF10 has little effect. Morpho-
logical or molecular changes in the developing limb bud
indicate that all of these factors bind MPLB4 ECM and are
released after implantation into the limb bud. One possibil-
ity is that FGF2 or FGF8 may be an endogenous inhibitor of
ZPA formation/Shh expression in the anterior limb bud.
FGF2 or FGF8 bead implantation into the flank during
prelimb bud stages near the presumptive posterior wing
field can lead to a reduction in or loss of endogenous Shh
expression (Vogel et al., 1996). Similarly, FGF2 has been
shown to inhibit the conversion of anterior limb cells to
ZPA signaling cells (Anderson et al., 1994). Despite this,
numerous studies also indicate that both FGF2 and FGF8
can function to induce and/or maintain Shh expression
(Cohn et al., 1995; Crossley et al., 1996; Grieshammer et
al., 1996; Li et al., 1996; Vogel et al., 1996). In addition,
FGF8 mutants do not display anterior polydactyly or an
ectopic anterior Shh expression domain as would be ex-
pected if FGF8 functioned as an endogenous inhibitor of
Shh in the anterior limb bud (Lewandoski et al., 2000;
Moon and Capecchi, 2000), although it is possible that
imbalances in normal proliferation and outgrowth in these
mutants could mask such a function for FGF8. As such,
while intriguing evidence exists in terms of both positive
and negative regulation, current functional studies in the
literature do not support an obvious role for FGFs in
inhibition of Shh expression.
A second possibility is that an undetermined endogenous
factor with ZPA/Shh inhibitory activity shares ECM-
binding characteristics with FGF2 and FGF8, but not with
FGF4 or FGF10. In this scenario, FGF2 or FGF8 bound to
MPLB4 ECM would prevent binding of the endogenous
factor and disruption of its activity. Since the presumptive
factor would function in an inhibitory manner in the
anterior limb bud, the effect of preventing its binding to
MPLB4 ECM would be the absence of a supernumerary
response, i.e., normal limb outgrowth. We are not aware of
other evidence suggesting a model in which competitive
binding to specific ECM components plays a role in the
modulation of intercellular signaling during development,
but it is interesting to speculate that such modulation may
occur for endogenous activities given the large number of
© 2001 Elsevier Science. Aheparin-binding growth factors known to be present in the
limb.
In summary, we have utilized a novel approach for
analyzing anterior inhibition of polarizing activity and
demonstrate an involvement of extracellular factors in this
process. Our findings suggest that the molecular mecha-
nisms regulating Shh expression in the anterior limb bud
involve equilibrium between stimulatory and inhibitory
factors. MPLB4 ECM modulates Shh expression by altering
the inhibitory component of this equilibrium and, as such,
represents a new tool for examining regulatory pathways
important for patterning of the limb bud.
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